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Motivated by the recent discovery of superconductivity in two-dimensional CoO2 layers, we present some
possibly useful results of the resonating valence bond mean-field theory applied to the triangular lattice. An
interesting time reversal breaking superconducting state arises from strongly frustrated interactions. Away from
half filling, the order parameter is found to be complex, and yields a fully gapped quasiparticle spectrum. The
sign of the hopping plays a crucial role in the analysis, and we find that superconductivity is as fragile for one
sign as it is robust for the other. NaxCoO2yH2O is argued to belong to the robust case, by comparing the
local-density approximation fermi surface with an effective tight-binding model. The high-frequency Hall
constant in this system is potentially interesting, since it is pointed out to increase linearly with temperature
without saturation for T.Tdegeneracy .
DOI: 10.1103/PhysRevB.68.104508 PACS number~s!: 74.20.Mn, 74.20.Rp, 71.27.1a, 71.18.1yI. INTRODUCTION
The recent discovery of superconductivity at low tem-
peratures in CoO2 layered compounds1 is an interesting
event, since it may be the long sought low-temperature reso-
nating valence bond ~RVB! superconductor, on a lattice
which was at the basis of Anderson’s original ideas on a
possible quantum spin liquid state2. Although the spin-1/2
triangular lattice appears to have better states with three sub-
lattice magnetic order, it is possible that the RVB state is
attained for sufficiently high doping, and it seems to be both
useful and worthwhile to explicitly state the detailed results
of the RVB ideas applied to this lattice so as to serve as a
reference point for further experiments that are surely forth-
coming shortly.
Another reason why the triangular lattice is important is
that there exists a very complete and highly nontrivial set of
ideas having their origin in the fractional quantum Hall phys-
ics that have been theoretically applied to the triangular lat-
tice by Kalmeyer and Laughlin.3 Their picture of a m52
fractional quantum Hall effect state of interacting hardcore
bosons ~viz., the spin-1/2 particles! leads to anyonic particles
on doping and to a Meissner-like time-reversal breaking
state. Such a state can be alternately viewed in the language
of the flux phases, where Anderson, Shastry, and
Hristopulos4 ~and also Ref. 5! showed its equivalence to a
flux p/2 per triangle state. Systematics of the doping depen-
dence of the optimum flux have not apparently been done,
and presumably that is another interesting area to pursue in
the present context.
Earlier weak coupling results on superconductivity in the
triangular lattice6 were motivated by experiments on organic
superconductors. A recent high-temperature expansion study
of the t-J model on the triangular lattice estimates the total
entropy and magnetic susceptibility as a function of tempera-
ture and doping.7
In the present work, we perform what seems to be a con-
sistent and simple version of RVB theory, one which yields
d-wave order for the square lattice8 and also for the other
recently interesting case of SrCu2(BO3)2.9 Earlier calcula-0163-1829/2003/68~10!/104508~7!/$20.00 68 1045tions have been done by other authors in a spirit similar to
ours: Ref. 5 is confined to half filling and a recent work by
Baskaran10 makes some qualitative points that are common
to our calculations. Within this version, we evaluate the case
of positive as well as negative hoppings since these are so
very different in their physical content. Using the particle-
hole transformation for fermions, we may define two broad
cases of interest: Case A: Here we have either ~i! t.0 and
electron doping, or ~ii! t,0 and hole doping; and Case B:
here we have either ~i! t.0 and hole doping, or ~ii! t,0 and
electron doping. Here we note that the Hamiltonian of the t-J
model is written in the standard form:
H52t (
^i , j& ,s
Pcis† c jsP1J(
^i , j&
S SiSj2nin j4 D , ~1!
where P stands for the Gutzwiller projection due to large U,
and the summation is over nearest neighbors. The notation of
hole and electron filling is relative to half filling in the effec-
tive one-band model for this system and, as usual, d
5u12nu, where n is the electron concentration. This model
incorporates both electronic frustration and spin frustration
through the kinetic and the exchange energies. The former
favors Nagaoka ferromagnetism for case A ~see later!, while
the frustrated antiferromagnetic exchange J competes against
it for both cases. The use of an antiferromagnetic exchange is
motivated by the observed Curie-Weiss susceptibility with a
negative Curie-Weiss temperature,11 and though surprising in
the event of a 98° Co-O-Co bond angle, is not without pre-
cedent, since CuGeO3 with the same bond angle has also an
AFM J (;120 °K).12
A first step in the direction of identifying an effective
one-band model is in the work of Singh,13 whose local-
density approximation ~LDA! calculation of the band struc-
ture shows that the Fermi energy for the case of NaCo2O4
is in a tight-binding-like set of states of t2g symmetry, in
the close proximity of and slightly above a sharp peak in
the electronic density of state. We interpret this as an
example of case A~i! above, since the Fermi surface for
triangular lattice tight-binding band structure, e(k)
522tcos(kx)12 cos(kx/2)cos(A3ky/2), gives a density of
states ~DOS! ~see Fig. 1! with a prominent peak near the©2003 The American Physical Society08-1
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band, and to the extent that the low-energy structures are
irrelevant, this matches the LDA DOS.14 We return to discuss
this issue in Sec. IV. The fiduciary Mott insulating state from
where the hole/electron doping is measured is the case of
pure CoO2 on a triangular lattice. This particular system has
apparently not been realized experimentally so far due to a
lattice structure change.
II. A FEW REMARKS ON FERROMAGNETISM
AND THE HALL CONSTANT
IN THE TRIANGULAR LATTICE
Before describing the RVB calculation, we recount a few
remarkable features of the triangular lattice Hubbard and t-J
model physics, which may be useful in future studies.
A. Ferromagnetism
Singh has noted that the LDA calculations of NaCo2O4
show an instability of the paramagnetic state towards a fer-
romagnetic state. Indeed this is exactly what one expects
from the Nagaoka physics on the triangular lattice as shown
by Shastry, Krishnamurthy, and Anderson,15 who pointed out
that while case B above is highly detrimental to ferromag-
netism in the infinite U limit, case A highly favors the ferro-
magnetic state. This follows from a stability analysis of the
low-energy excitations of the state. Ferromagnetism is the
fate of case A, t-J model at J50 for essentially all fillings.
At low dopings, turning on a sufficiently strong antiferro-
magnetic J removes the Nagaoka instability, for some range
of hole doping. We argue below that in this very doping
range, the RVB superconducting phase emerges instead. At
higher doping, i.e., in the high electron density limit of case
A~i!, J becomes irrelevant. For an almost filled band, with
the Fermi energy near a peak in the DOS ~as in transition-
metal ferromagnetism!, the work of Kanamori and Galitskii
predicts ferromagnetism. Thus notwithstanding the results of
the RVB state, we must expect metallic ferromagnetism in
the case when the electron doping is high in case A~i!. The
FIG. 1. The density of states for the triangular lattice tight-
binding Hamiltonian, and locations of various systems.10450observation of ferromagnetism in Na0.75CoO2 ~Ref. 16! is
consistent with these arguments, while being enigmatic in
that the high-temperature susceptibility shows a negative
Curie-Weiss temperature.
B. High-frequency Hall effect
A fascinating property of the triangular lattice was noted
in Ref. 17. The high-frequency Hall constant RH* is amenable
to a lattice walk expansion. It can be expressed in terms of
loops encircling a flux, and manages to capture the Mott
Hubbard aspect of the problem, such as a vanishing ‘‘effec-
tive Hall carrier density’’ near half filling on the square lat-
tice. The resulting high-frequency Hall constant, in Mott
Hubbard systems, is not a measure of carrier density, unlike
in simple conductors, but encodes complicated correlations
of the underlying system. The topology of the lattice plays a
critical role in determining this object, since it depends upon
the length of the closed loops, and the triangular lattice was
noted to be exceptional in having the smallest length of a
closed loop, with an odd number of steps, namely three,
leading to a very different behavior from say the square lat-
tice. A calculation for the triangular lattice in the case of hole
doping yields
RH*52
v
8ueu
kBT
t
11d
d~12d! @Case A~ ii! or B~ i!# .
~2!
Here ueu is the magnitude of the electronic charge and v is
the physical ~three-dimensional! unit-cell volume containing
one cobalt ion, which from Ref. 1 may be estimated to be
67.71310224 cm3.18 We remark that this result is computed
in the case of hole doping and for either sign of hopping ‘‘t ,’’
i.e., case A~ii! or B~i!, and in comparison with electron dop-
ing, case A~i! or B~ii!, one must use the usual rules for
particle-hole transformation t→2t as well as d5u12nu.
This leads to the following expression for RH* in the case of
electron doping:
RH*5
v
8ueu
kBT
t
11d
d~12d! @Case A~ i! or B~ ii!# . ~3!
The expressions in Eqs. ~2! and ~3! are valid when tempera-
ture T.Tdegeneracy;utu. Since Tdegeneracy seems so low in
these systems, as evinced by the strong Curie-Weiss behav-
ior, this result, so remarkable in absence of saturation in
temperature, seems worthwhile to be checked experimen-
tally. This could also be used to experimentally determine the
magnitude as well as sign of ‘‘t’’ for an effective one-band
system. The distinction between the transport and the high-
frequency Hall constants is argued to be through a weak
frequency and temperature dependent self-energy, and hence
it is possible that the transport measurements are also anoma-
lous in the same sense.19
III. THE RVB CALCULATION
AND ITS DETAILED PREDICTIONS
A. Mean-field equations
The ‘‘J’’ term in Eq. ~1! can be rewritten as
2J( i , jbi j
† bi j , where the bond operator bi j
† 5(ci↑† c j↓†
2ci↓
† c j↑
† )/A2 is a singlet pair creation operator acting on a8-2
SUPERCONDUCTIVITY IN CoO2 LAYERS AND THE . . . PHYSICAL REVIEW B 68, 104508 ~2003!pair of sites i and j. The RVB mean-field calculations are
carried out by defining a complex order parameter D i j
5^bi j&. On the triangular lattice, we have three different
nearest-neighbor bonds, one along say x direction and the
other two at an angle of p/3 and 2p/3 with x axis. We
consider a simple situation where uD i ju5D along all bonds,
but three different phases are allowed along three kinds of
bonds. Since one of the phases can be gauged away, only two
~relative! phases are sufficient. We assign zero phase along
the x direction, u and f along the p/3 and 2p/3 directions,
respectively. In momentum space, this choice of mean-field
order parameter leads to the following k-space function
D(k), which carries the order-parameter symmetry informa-
tion:
D~k!5cos~kx!1eiucos~kx/21A3ky/2!
1eifcos~kx/22A3ky/2!. ~4!
The effect of projection of double occupancy on hopping
is accounted for by a simple approximation where t is re-
placed by td , with d being the hole concentration. Our cal-
culations have been done only for the hole doping case, but
for both t.0 as well as t,0 @cases B~i! and A~ii!#. The case
of electron doping can easily be related to these calculations
by particle-hole transformation, as described earlier.
We get two mean-field equations, one for D and the other
for m , the chemical potential. These are
D5
1
6JL (k
]E~k!
]D
tanhS bE~k!2 D , ~5!
d52
1
L (k
]E~k!
]m
tanhS bE~k!2 D . ~6!
Here E(k)5A@e(k)2m#212J2D2uD(k)u2, D(k) is given in
Eq. ~4!.
B. Order parameter and quasiparticle spectrum
We solve Eqs. ~5! and ~6! self-consistently for given val-
ues of d and t, and for different choices of u and f . All
energies are measured in units of the exchange coupling J.
First, we perform the computation at T50 and find the
values of u and f , at different hole concentrations, for which
the ground-state energy is minimum. This fixes the symmetry
of the mean-field order parameter. At d50, the ground-state
energy is lowest for (u ,f)5(0,6p/2) and (u ,f)5
(6p/2,0), in contrast to the case of (u ,f)5(2p/3,4p/3) of
Ref. 5 which has slightly higher energy. At half filling, the
ground state has a lower symmetry of cubic type rather than
the sixfold rotational symmetry of the triangular lattice.
Away from half filling, the ground-state energy is lowest
at (u ,f)5(2p/3,4p/3), (4p/3,2p/3), and (2p/3,
22p/3). Three other phase points, which are related to these
via inversion with respect to origin, are equivalent, and to-
gether these six minimum energy phase points reflect the
symmetry of the Brillouin zone. Figure 2 shows the mean-10450field energy density plotted as a function of u and f . In rest
of the calculations, we just choose one of these points to
perform the computation.
At u52p/3 and f54p/3, for various values of t, the
mean field D is computed as a function of hole concentra-
tion, as shown in Fig. 3. D decreases rapidly for t.0 rather
than for t,0, as the hole concentration is increased. The
larger magnitude of D as well as the greater doping range
suggest that case A, that is ‘‘t,0 and hole doping’’ or ‘‘t
.0 and electron doping,’’ presents a more robust case for the
RVB state of superconductivity, as compared to case B.
The results of this low-temperature mean-field theory
should be contrasted to those of the high-temperature series
in Ref. ~7!, who interpret their extrapolated results to imply
lower entropy at low temperatures (kT,utu) for case B, and
hence perhaps greater tendency towards some ~nonferromag-
netic! ordering. Further work needs to be done to reconcile
these findings.
FIG. 2. The mean-field energy density surface as a function of
the internal phases u and f ~in units of p) of the order parameter.
The minima occur at six corner points of the Brillouin zone.
FIG. 3. The mean field D as a function of the hole concentration
d for both positive and negative t in units of J.8-3
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siparticle density of states from our mean-field calculations.
These calculation are done for a physically relevant value of
d;0.35 at which superconductivity is observed in
NaxCoO2yH2O.1 The cobalt oxide layer alone acts as a
half-filled system in the effective one-band picture, therefore
the carrier concentration in excess to the half-filled case is
just x.
Both the quasiparticle dispersion and the density of states,
in Figs. 4 and 5, respectively, show an energy gap in the
spectrum. The reason lies in the fact that function D(k) is
complex. For (u ,f)5(2p/3,4p/3), the function D(k)5d1
2id2, where d15cos(kx)2cos(kx/2)cos(A3ky/2) and d2
5A3sin(kx/2)sin(A3ky/2). Thus our results are akin to the
dx22y21idxy symmetry case in the cuprates.
The modulus of D(k) is nonzero at all points in the Bril-
louin zone, except at six zone corner points, which are
(2p/3,22p/3), (2p/3,4p/3), etc., and the origin. Though
e(k)2m has contour of zeros within the Brillouin zone, the
chance of six corner points lying on this contour of zeros is
almost zero. This point is clear in Fig. 6, where uD(k)u and
FIG. 4. The quasiparticle dispersion E(k). The coordinates of
G , M, and K symmetry points in the Brillouin zone are given in
units of p . The coordinates (k1 , k2) given here are such that k1
5kx and k25(kx1A3ky)/2, where kx and ky are the usual k-space
variables along x and y directions.
FIG. 5. The quasiparticle density of states.10450e(k)2m are plotted along the three symmetry directions of
the Brillouin zone. The gap for t521 and 22 is approxi-
mately 0.2J and 0.1J , respectively.
The gap (;uDu) decreases with increasing utu as already
noted. We mention that the quasiparticle spectrum is gapped
for t.0 as well, but the gap is very small around the doping
of our interest. In fact for reasonable values of t ~say, 3! it is
zero, precisely because D50. Thus, case B does not favor
RVB solution for large dopings, say 0.3 or beyond.
We have also calculated temperature at which the mean-
field order parameter D vanishes for different values of d . It
helps us understand the broad nature of thermodynamic
phase diagram in T-d plane. Figure 7 shows the transition
temperatures for different hole concentrations for which D
vanishes.
The question of RVB superconductivity needs a little
more care than what we have given so far. The mean field D ,
though a pairing order parameter, does not by itself imply
superconductivity. For example, at half filling D is nonzero,
but it is insulating. The identification of the superconducting
phase in T-d diagram can, however, be done within the
FIG. 6. The dashed line is for uD(k)u and the solid line is for
@e(k)2m#/2td .
FIG. 7. T is in units of J. The case with t.0 for d;0.35 is not
very robust for the RVB mean-field theory whereas t,0 is favor-
able.8-4
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been quite popular in the RVB theories of t-J model on
square lattice.22 Here the physical electron operator cs
†
5 f s† b , where f is the spin-1/2 neutral fermion and b is the
spin-0 charged boson, and the projection of double occu-
pancy is in-built into the construction.
The superconducting order parameter ^c†c†&;^bb&
3^ f † f †& is a product of spin-pairing order parameter and a
bose condensation factor. What we have obtained from the
mean-field calculation is essentially the spin-pairing order
parameter. The true superconducting order parameter is
DSC;FBD , where D is the mean-field order parameter. The
bose condensation temperature for b bosons ~for FB to be
nonzero! needs to be estimated separately. That region of
T-d diagram, where both FB as well D are nonzero, can be
interpreted as the RVB superconducting phase. There are
three more typical regions according to this interpretation:
~1! spin gap: DÞ0 and FB50, ~2! strange metal: D5FB
50, and ~3! normal metal: D50 and FBÞ0. With this
qualitative picture in mind, we will present a rough phase
diagram for the cobalt oxide superconductors.
Let us briefly mention how we estimate the bose conden-
sation temperature TBC for the bosons. There are other
ways,22 but we will discuss our roughly equivalent prescrip-
tion. The b bosons, at the level of mean-field decoupling,
will effectively have the same band structure as that of
the tight-binding electrons on triangular lattice. Therefore,
TBC is defined as a temperature at which the boson chemical
potential tends to be the band’s bottom. Since free bosons
cannot condense in two dimensions, we will take the case
of three-dimensional band structure with a large c-axis
anisotropy. Around the band’s bottom, the energy dispersion
can be approximated as c*(k21kz2/g). The curvature c*
is related to the two-dimensional density of states at the
band edge, r*, as c*’(1/4pr*). Now, using the fact
that free boson can condense in three dimensions, d
5(1/L)(k1/(ebBC[e(k)2emin]21). Simplifying it for g
@p/4, we get
TBC’
d
r*
1
21ln~4g/p! .
Since the anisotropy affects only logarithmically, we can
safely take some large value for g;100, especially when the
real system is a good quasi-two-dimensional system.
C. Phase diagram
Here we propose a rough phase diagram for triangular
lattice, layered cobalt oxide materials over a wide range of
doping based upon our calculation in the scheme of case
A~ii! as shown in Fig. 8. This phase diagram encompasses a
number of interesting phases, including the recently ob-
served superconducting phase. We will briefly describe each
of the labeled region in Fig. 8.
The exchange coupling J is estimated from the high-
temperature susceptibility data11 for Na0.5CoO2. Its Curie-
Weiss temperature is approximately 2118 K which gives J
;79 K. For doping d50.35, TC for transition into a RVB10450superconducting state is approximately 10 K, compared to
the measured TC;5 K.1 An important prediction for the su-
perconducting phase is the existence of an energy gap in the
quasiparticle spectrum. It arises because the superconducting
order parameter is complex, with relative internal phases
2p/3 and 4p/3 thus avoiding the possibility of generic van-
ishing of the gap along lines or points in the momentum
space. The optimal doping seems to be around 0.15.
On the higher side of the doping (d*0.5) in Fig. 8, we
expect the RVB superconducting state to become unstable in
favor of a ferromagnetic metallic state where either the Na-
gaoka or the Kanamori ferromagnetism plays a dominant
role. We call d50.5 ~electron concentration, n51.5) as the
Nagaoka-Kanamori line, the rough location where the Na-
gaoka physics of the doped Mott state transmutes into the
Brueckner-type Kanamori physics of multiple scattering in
an almost filled band. The precise location of the phase
boundary between the superconducting and the ferromag-
netic states is difficult to predict from the present calculation,
since the RVB mean-field theory is not particularly accurate
in getting the absolute energies for various states. We present
only a guide to the eye in our phase diagram. At sufficiently
high temperatures, we expect ferrometal to parametal transi-
tion across the Nagaoka-Kanamori line, which can be esti-
mated from the spin stiffness of the quasi-2D ferromagnet.
Apart from the above-mentioned important phases, one may
expect a spin-gapped phase in the low-doping low-
temperature regime, since that is where exchange interaction
will play a more decisive role. The three sublattice antiferro-
magnetic phase of the triangular lattice AFM is likely to
persist for small doping. We also expect a strange metallic
phase to exist at moderate doping, but only at higher tem-
peratures.
We next also present, in Fig. 9, the mean-field phase dia-
gram for case B~i!. Though case B is less favorable than case
A, it does yet achieve the RVB superconducting phase for
small values of t (;J or smaller; see Fig. 7!. Since the value
of utu in these cobaltates is believed to be rather low, it seems
appropriate to record the results for case B also.
This phase diagram is a simpler version of the mean-field
phase diagram for case A~ii!, with the symbols having the
FIG. 8. The mean-field phase diagram for t523J and (u ,f)
5(2p/3,4p/3).8-5
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not arise in this case, leading to its simplicity. Here we find
TC;6 K at 0.35 hole concentration. The optimal doping and
the maximum TC are similar to those of case A, but TC falls
off more rapidly for d>0.15.
IV. SUMMARY
To summarize the work presented here, we have per-
formed a RVB mean-field theory on the triangular lattice,
inspired by the recent discovery of the superconductivity in
cobalt oxide layered materials.
Our use of a single-band model in the present context
needs a word of justification. The LDA band structure for
Na0.5CoO2 ~Refs. 13,14! indicates the possibility of a com-
petition between two bands for the Fermi level on moving
away from that doping in either direction. One would con-
clude that dc;0.5 if the bands are held rigidly under doping,
since at this filling the Fermi level tangents the ~filled! band
emanating from the G point in Fig. 1 of Ref. 13. The systems
at different dopings would have their Fermi levels in differ-
ent bands. These would then correspond to ~1! case A~i! for
d,dc , i.e., electronlike and ~2! case B~ii! for d.dc , i.e.,
holelike. A ‘‘one-band model’’ appears to be justifiable pro-
vided one is sufficiently far from dc . In view of the uncer-
tainty in the exact location of dc , we have presented the
results for both signs of t above. While photoemission may
shed light on this issue, its interpretation needs caution in
view of the remarkable possibility that the observed renor-
malized Fermi surface in strongly correlated systems could
differ drastically in shape from the bare Fermi surface, which
has emerged from recent numerical work.20,21 Our concern in
FIG. 9. The mean-field phase diagram for t5J and (u ,f)
5(2p/3,4p/3).10450this work is with the ‘‘bare Fermi surface,’’ i.e., with the sign
of the bare t.
We argue that the superconducting material, d50.35, cor-
responds to an effective one-band case with t.0 and elec-
tron doping, i.e., case A~i!. This is logical since a filling of
d50.35 seems far enough from any reasonable dc . Several
detailed results are presented. We find the symmetry of the
superconducting order parameter and predict the existence of
an energy gap. We also present an approximate phase dia-
gram for the cobalt oxide superconductor in the T-d plane.
In the more interesting case A, there is a competition be-
tween ferromagnetic order and superconductivity. Our low-
temperature RVB superconducting phase basically arises in
the doping range where Nagaoka ferromagnetism is sup-
pressed by the antiferromagnetic J. The superconductivity
found here may thus be viewed as arising from what may be
termed total frustration, i.e., from the competition between
competing terms, the frustrated electronic motion that
weakly prefers Nagaoka ferromagnetism and the frustrated
spin exchange that prefers either no long-ranged order ~i.e., a
short-ranged RVB-type state! or a doping weakened three
sublattice order.
One major assumption in this work is that the scale of t is
not too different from J which is estimated to be around 79
K. This estimate is at odds with the LDA estimate of the
band width by two orders of magnitude, and thus we cannot
claim to have ‘‘explained’’ the low degeneracy temperature
scale; we have merely assumed it and worked out the conse-
quences for other properties. Indeed the emergence of a low-
energy scale in these systems seems to be a central problem
of the cobaltates.
Finally, we have presented our results for the high-
frequency Hall constant RH* . This is predicted to grow lin-
early with temperature without saturation, and the slope de-
pends in a known way on t and on the filling. The filling
dependence @(11d)/d(12d)# should be readily testable.
The explicit expressions enable one to extract the hopping
matrix element t. The unusual behavior of the Hall constant
is a special property of the triangular lattice, having to do
with its unique topology of smallest length of closed loops,
with odd length. Our results are valid for high temperatures
kBT@$utu,J%min . Remarkably enough, this condition appears
easy to fulfill in the cobaltates, and hence it should be pos-
sible to utilize these results to extract basic parameters for
the system from high-frequency Hall experiments. Our result
might also be useful in interpreting transport Hall data.
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high-frequency Hall constant for the experimentally relevant
case of electron doping. Equation ~3! giving the high-
frequency Hall constant for the case of electron filling, i.e.,
electron density n.1, should correctly read
RH*52
v
4ueu
kBT
t
11d
d~12d! @Cases A~ i! or B~ ii!#, ~38!
where d5u12nu. This differs essentially from the quoted
answer by a minus sign that was missed by us, in addition to
a factor of 2. This equation is obtained from Eq. ~2! in the
paper, calculated for the case of hole doping n,1, by a
particle-hole transformation. Performing a canonical trans-
formation ci ,s↔ci ,s† in the Kubo formulas for models of
lattice fermions @see, e.g., Ref. 2, Eqs. ~1! and ~2!# yields
RH~n ,t ,v ,T !52RH~22n ,2t ,v ,T !.
The crucial overall minus sign arises from the fact that the
Hall constant involves a three-current propagator, and each0163-1829/2004/69~5!/059901~1!/$22.50 69 0599current picks up a minus sign under the transformation. In-
cidentally this identity results in a vanishing at half filling for
bipartite lattices of the Hall function RH(1,t ,v ,T) for any
value of T ,v and the interaction strength.
The changed sign in Eq. (38) has a few implications
which we would like to state explicitly. The recent experi-
ment of Wang, Rogado, Cava, and Ong3 on the transport Hall
constant, actually sees the predicted linear T behavior over a
wide temperature range 200 K<T<400 K with a positive
slope. From Eq. (38) above, we deduce that the appropriate
t-J model description of the system has t,0, i.e., belongs to
case B(ii) in our notation, at least at the composition x
;0.7.
We note that with this correction, the sign of the hopping
t suggested by our calculation is the same as the one favored
by Refs. 4 and 5, at least for the nonsuperconducting range
x;0.7. In this composition range, photoemission data6,7 also
suggest the same sign of t, with an unoccupied region around
the center of Brillouin zone, namely the G point.1 B. Kumar and B.S. Shastry, Phys. Rev. B 68, 104508 ~2003!.
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